Molecularly imprinted polymers (MIPs) are produced in the presence of a template molecule. After removing the template, the cavity can selectively rebind the template. MIPs are attractive functional materials with a low cost and high stability, but traditional MIPs often suffer from low binding affinity. This study employs DNA aptamer fragments as macromonomers to improve MIPs. The DNA aptamer for adenosine was first split into two halves, fluorescently labeled, and co-polymerized into MIPs. With a fluorescence quenching assay, the importance of imprinting was confirmed. Further studies were carried out using isothermal titration calorimetry (ITC).
Introduction
Molecular recognition is critically important in biology, biomaterials science, analytical chemistry, and medicine. A few types of biologically derived molecules, such as antibodies and aptamers, are general platforms for molecular recognition. [1] [2] [3] [4] While these biopolymers possess high binding affinity and specificity, they are expensive, often unstable, and prone to denaturation. Molecularly imprinted polymers (MIPs) are prepared by polymerizing small molecule synthetic monomers around target molecules to form binding cavities, such that the cavities can rebind the target. 5 Compared to antibodies and aptamers, MIPs can be prepared in much larger quantities at a lower cost with higher stability. 6, 7 Many different targets have been imprinted including small molecules, peptides, and proteins. [8] [9] [10] As a result, MIPs are attractive for a wide range of applications in analytical chemistry, separation, and environmental remediation. 11, 12 MIPs have been made with various types of monomers, mostly of which are acrylic and silane based. 13, 14 However, most MIPs suffer from poor binding affinity or specificity. 15, 16 At the same time, it is difficult to produce a fluorescence signal for binding.
We are interested in exploring the feasibility of combining biopolymers and MIPs by introducing a fragment of biological ligands as macromonomers in MIPs. DNA aptamers are oligonucleotides that selectively bind to target molecules. 17, 18 DNA aptamers are obtained from combinatorial selections and they can be evolved to bind many target molecules. 19, 20 Incorporation of full-length aptamers in MIPs was previously reported for thrombin binding, 21 and recently for prostate specific antigen via terminal acrydite modification of the aptamers. 22 Acrylamidemodified uridines were incorporated into the cocaine aptamer, so that polymerization took place at multiple positions along the aptamer chain. 23 4
In all the previous cases, full-length aptamers were used. Our idea is to use aptamer fragments as macromonomers to improve MIPs, and then gradually shorten the aptamer fragment length. Shorter fragments allow a lower cost and better stability. We hypothesize that good binding might still be achieved with the help of the MIP matrix. For easy handling and good template accessibility, MIP hydrogel nanoparticles (or nanogels) were prepared in this study. 
Materials and Methods
Chemicals. All of the DNA samples were purchased from Eurofins (Huntsville, AL). Acrylamide (AAm), N-isopropylacrylamide (NIPAAm), methylene bisacrylamide (MBAAm), and sodium dodecyl sulfate (SDS) were from Sigma-Aldrich. Ammonium persulphate (APS) and N,N,N',N'-tetramethylethylenediamine (TEMED) were from VWR. Sodium chloride, magnesium chloride, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and adenosine and cytidine were from Mandel Scientific (Guelph, Ontario, Canada). Mill-Q water was used to prepare all the buffers and solutions. All other reagents and solvents were of analytical grade and used as received.
Preparation of nanogels.
All the nanogels were prepared using the aqueous precipitation polymerization method with same concentrations of monomers, crosslinker, and initiator to achieve maximal consistency. Optimization of gel formulation was reported previously, 32 and is not repeated here. For the nanogels containing fluorophore (or quencher)-labeled aptamers, AAm (2.9 mg, 42 µmol), NIPAAm (4.6 mg, 42 µmol), aptamer fragments (20 µM each) and the template molecule adenosine or cytidine (1 mM) were dissolved in buffer A (50 mM HEPES, pH 7.6, 100
mM NaCl, 5 mM MgCl2). The mixture was incubated for 30 min with slow stirring at 25 C to form binding complexes. Then the crosslinker MBAAm (2.4 mg, 16 µmol) and surfactant SDS (0.8 mg) were added. After purging the mixture with N2 for 1 h, polymerization was initiated by adding APS (0.6 mg) and TEMED (0.3 μL). The final reaction volume was standardized to 1 mL.
The reaction was continued for 4 h at 25 C under a N2 atmosphere. The resultant imprinted nanogels were collected by centrifugation at 15,000 rpm for 10 min and then washed extensively 6 using Milli-Q water until complete removal of the unreacted monomers and templates (confirmed by UV-Vis spectrometry). The gels were frozen-dried for 24 h, and weighed to determine the reaction yield. The nanogels prepared for the ITC tests were prepared using the same method except that 70 µM of aptamer fragments were used. A higher DNA concentration was used for ITC since this technique is less sensitive compared to fluorescence. Non-imprinted nanogels (NIPs)
were also prepared and washed in the same way except that no template was added during polymerization. The concentration of the template adenosine was chosen to be 1 mM to avoid stacking of adenosine forming multimers at high concentrations (adenosine has relatively low solubility).
Dynamic light scattering (DLS).
The hydrodynamic sizes of the nanogels were measured by DLS (Zetasizer Nano ZS90, Malvern). Each nanogel sample (50 μg/mL) was dispersed in buffer A and the temperature was maintained at 25 C during measurement.
Coupling efficiency. The coupling efficiencies of the fluorophore-labeled aptamer incorporated nanogels were determined by fluorescence spectroscopy at 520 nm. For other nanogels the coupling efficiencies were determined by UV-Vis absorbance at 260 nm. After preparation, the nanogel samples were purified by centrifugation (1,500 rpm, 10 min). The supernatant and a standard solution (containing the same initial aptamer concentration during preparation) were diluted to the same volume in buffer A. Their fluorescence emission or absorbance was measured to calculate coupling efficiency. Any DNA without an acrydite group will be washed away.
33,34
Isothermal titration calorimetry (ITC). ITC was performed using a VP-ITC Microcalorimeter 
Results and Discussion

Molecular imprinting helps aptamer binding.
The adenosine DNA aptamer has been extensively studied as a model for biosensor development. [35] [36] [37] [38] The full-length aptamer contains only 27 nucleotides ( Figure 1A ). It can be split into two halves and binding still occurs when both fragments are present ( Figure 1B ). [39] [40] [41] [42] [43] We first tested the effect of molecular imprinting if both halves were used as macromonomers. Each aptamer fragment was labeled on the 5-end with an acrydite group to co-polymerize into the gel.
To measure binding, one fragment was labeled with a dark quencher on its 3-end (Q-F1), and the other with an internal FAM (F-F2, Figure 1B ; DNA sequences and modifications in Figure S1 ).
Upon forming the aptamer complex, the fluorescence is expected to quench ( Figure 1C ). Two small molecule monomers, acrylamide and N-isopropylacrylamide (NIPAAm), were included to form the gel matrix, and bis-acrylamide (MBAAm) was used as a crosslinker.
To compare the imprinting effect, three types of nanogels were prepared by precipitation polymerization: 32 one in the absence of any target (named NIP), one with 1 mM cytidine (C-MIP), and the last one with 1 mM adenosine (A-MIP). We reason that the aptamer binding complex might form in the presence of adenosine, positioning the two aptamer halves forming a high affinity cavity ( Figure 1D ). Without adenosine, polymerization is random and the resulting gel 8 particles may not bind adenosine ( Figure 1E ). A similar outcome is expected when cytidine is added into the pre-polymerization mixture as it does not form complex with the aptamer monomers.
All the gel particles have a similar size of ~170 nm as determined by DLS and they are easily dispersed in water ( Figure S2 ). Among the various nucleotides, we only chose cytidine here as a negative control since this adenosine aptamer is a well-studied model system. It has a similarly high affinity for adenosine, AMP, and ATP, but has no binding when the base part is changed to C, T, or G. 35 The DNA coupling efficiency was determined to be ~30% (Table S1 ) for all the gels ( Figure S3 ). After washing away the template molecules and free monomers, the three gels were re-dispersed in buffer A with the same final aptamer concentration (128 nM, each fragment). Upon adding 1 mM adenosine, the fluorescence intensity at 520 nm of the A-MIP gel decreased significantly ( Figure 2C ), suggesting the two aptamer halves reassembled. In comparison, the signal from the NIP (Figure 2A ) and C-MIP ( Figure 2B ) gels only dropped slightly indicating the lack of aptamer binding. As a control, none of these samples were quenched by 1 mM cytidine.
This study indicates that imprinting during gel formation is critical for re-binding. We also measured the kinetics of binding and a stable signal was achieved in 1 min ( Figure S4 ). Since the DNAs were immobilized, these gels can be re-used after washing away the adenosine ( Figure S5 ).
To quantitatively understand binding, relative fluorescence quenching (F/F0) of these gels
were measured as a function of adenosine concentration ( Figure 2D ). With increasing adenosine concentration, the signal from the NIP and C-MIP decreased slightly reaching a final ratio around 0.80, while a final ratio of 0.46 was achieved for the A-MIP. We also compared the same concentration of the free split aptamers without any gel ( Figure 2D , blue trace). Interestingly, it only decayed to a final ratio of 0.66. The dissociation constant (Kd) of the free aptamer fragments 9 (1.6 mM) is four times higher than that for the A-MIP gels (0.4 mM). Therefore, with imprinting, the split aptamer fragments are positioned at a more favorable binding configuration than the free aptamers in solution. 44 This improved binding is also related to an increased effective concentration of the aptamers by linking them to the gel matrix. In this regard, the gel matrix helped aptamer binding.
From this initial test, we confirmed that imprinting indeed took place during preparation of these gels. Without adenosine, the two aptamer fragments were randomly distributed during polymerization. Confined by the crosslinked gel network, they may not reach each other in the presence of adenosine ( Figure 1E ). The presence of fluorescence signal in this method allows for convenient detection of adenosine, which is a significant advantage brought by DNA. Probing the initial aptamer binding complex.
Since the two aptamer halves can partially base pair with each other ( Figure 1A , B), it is possible that a fraction of the aptamers are already hybridized in the nanogels in the absence of adenosine.
For this population, further addition of adenosine may not induce further fluorescence quenching.
Therefore, it is important to measure the fraction of the initial binding complex in the gels. For this purpose, we designed an experiment as shown in Figure 2H . The complementary DNAs (cDNAs) of the two aptamer fragments were added to the gels to disrupt the aptamer binding structures and to increase fluorescence. For the A-MIP sample without adenosine, the cDNAs led to a slight fluorescence increase of ~10% ( Figure 2E ); for the NIP gel, the increase was only ~5% ( Figure   2F ). The free DNA (no gel) after binding with its cDNA also has a slight fluorescence of 3.3%
( Figure S6 ). Based on this, we conclude that ~2% initial binding complexes formed for the NIP, while ~7% of the aptamers were in the complex form for the A-MIP in the absence of adenosine. This is reasonable since the aptamer fragments in the A-MIP were closer to each other due to imprinting. As a positive control, we add adenosine to the A-MIP gel first. We then observed a large fluorescence increase of ~80% after adding the cDNAs ( Figure 2G ). Therefore, most of aptamer fragments did not form the binding complex in the absence of adenosine. This is important for the analytical applications to achieve a large signal change.
Free individual aptamer fragments cannot bind.
With both aptamer halves, it is not surprising that the A-MIP gel binds adenosine. A more challenging question is to take a piece of DNA that cannot bind adenosine for imprinting. To test this, we started with each aptamer fragment for imprinting. Since this design makes fluorescencebased assay difficult, we employed non-labeled DNA and characterized binding using isothermal titration calorimetry (ITC). The two fragments are named F1 and F2, respectively ( Figure 1B ).
When adenosine was titrated into either aptamer fragment (F1 or F2, no gels), barely any heat was detected ( Figure 3A and B), suggesting no binding by the individual fragments. On the other hand, a strong binding was detected for the sample containing both fragments (F1 plus F2, no gels, Figure 3C ). The thermodynamic values of the above experiments were calculated ( Table   1 ). The enthalpy change (ΔH) for each aptamer fragment binding adenosine was at least 18-fold lower than that when both fragments were used. Since the heat was very small, we cannot obtain an accurate fitting for other thermodynamic values. Based on the NMR structure of the aptamer, 35, 36 both halves contribute indispensable purine bases (G9 and G22) and base stacking to stabilize the G·A pair for binding the target adenosine ( Figure 1A ). It is not surprising that each fragment alone failed to bind. Imprinting with individual aptamer fragments.
After confirming the lack of binding for the individual free aptamer fragments, we next tested whether imprinting can rescue their binding. We hypothesize that some monomers in the gel may serve as the other half of the aptamer to form an effective binding complex. Here a few new gels 13 were prepared: no DNA imprinted with adenosine (MIP), or non-imprinted (NIP); with either aptamer fragment imprinted (F1-MIP and F2-MIP), or non-imprinted (F1-NIP and F2-NIP); and with both aptamer fragments imprinted (F1F2-MIP), or non-imprinted (F1F2-NIP). Each aptamer fragment had a 5-acrydite for co-polymerization into the gel matrix (coupling efficiencies in Table   S1 and Figure S7 ).
In contrast to the free individual aptamer fragments that cannot bind adenosine ( Figure 3A and B, Table 1 ), the imprinted gels with either fragment (F1-MIP and F2-MIP) released significant heat indicating rescued binding activity ( Figure 4B and C, Table 2 ). Compared to the imprinted gel without aptamer ( Figure 4A ), the F1-MIP gel has increased binding affinity by 6.5-fold, and the F2-MIP gel by 13.8-fold. Therefore, using DNA oligomers that alone cannot bind adenosine, the imprinted polymer has drastically improved affinity. Note that the DNA oligomers added during polymerization was only 70 µM, which was 1400-fold lower in concentration than the synthetic monomers. The fact that the DNA can still effect binding indicates the tightest binding sites are associated with DNA.
Between the two aptamer fragments, the F2 containing gels (F2-MIP) had a Ka value ~2-fold larger than that of the F1-MIP. Therefore, DNA sequence still play an important role. This F1 fragment contains 5 consecutive guanines, which may promote intramolecular interactions and thus weakening adenosine binding during imprinting. DNA binding adenosine can take place via hydrogen bonding, base stacking, and hydrophobic interactions. At this moment, it is unclear whether the binding is the same as that in the original aptamer for each half aptamer, or via other interactions. Based on this experiment, for a given target without known aptamers, it is likely that a careful DNA sequence design is needed; not every sequence is equal. For comparison, we also made the same gels but without adenosine imprinting ( Figure 4E -H, Table 2 ). In each case, the 14 amount of heat was significantly less compared to their imprinted counterpart, indicating the importance of imprinting and specific binding in the imprinted gels.
It needs to be noted that we plotted Figure 4A and 4E in the same way as the rest, even though these two samples did not contain any DNA. Therefore, the molar ratio in their x-axis is not an accurate representation of the number of binding cavities in the gels. It is likely that these It is also interesting to note that the Kd measured here (16 µM adenosine for F1F2-MIP) using ITC is much tighter than that from fluorescence (0.4 mM). This is attributable to the higher DNA concentration used for preparing gels for ITC (70 µM) than for fluorescence (20 µM). Since both fragments are involved in binding, the final binding complex is tripartite (containing both fragments and adenosine). As a result, the DNA concentration difference is reflected in the apparent Kd measured (e.g. the 3.5-fold difference in DNA concentration leads to 3.5  3.5 =12.25-fold difference in Kd). Considering the difference in coupling efficiency, the DNA final concentration induced effect should be ~16-fold, which is close to our observation of 25-fold. For comparison, the full aptamer (without splitting) has a Kd of ~6 µM. 35 From this study, we could confirm that imprinting rescued the binding activity of the aptamer fragments. While the binding of each individual fragment alone is not as strong as that with both fragments used together, it supports the feasibility of using DNA oligomers as macromonomers in MIPs. Imprinting using shorter aptamer fragments.
After knowing that each aptamer fragment alone can be effective in the MIPs, it is interesting to test even shorter DNA sequences. According to the structure of the aptamer, the middle six nucleotides in F2 (from G5 to A10) are primarily responsible for specific adenosine binding, while its two flanking segments contribute only to the overall aptamer folding ( Figure 1A and B). Hence we further shorten the F2 fragment to make F2a and F2b ( Figure 1B) . To test the binding of each DNA, a few new gels incorporating these sequences were prepared ( Figure S1 ), and their binding to adenosine was characterized by ITC. For the F2a imprinted gels (F2a-MIP), a considerable amount of heat was detected with a high binding constant ( Figure 5A and Table 3 ). These values are comparable with the full fragment 2 gel (F2-MIP, Figure 5C ), indicating that the truncated nucleotides from A11 to T14 may not contribute much to adenosine binding even in the MIP gels.
To push the limit, we further shorten the F2a to design F2b with only six nucleotides ( Figure 1B ).
For the imprinted gels containing F2b (F2b-MIP), their binding affinities decreased compared with full F2 fragment but still keep a high value of Ka ( Figure 5B and C, Table 3 ). We reason that the six nucleotides from G5 to A10 are the main contributors for binding adenosine.
Since neighboring bases can influence the stacking energy, 45, 46 the moderate loss in binding may be from the loss of base stacking on this end. As controls, their corresponding NIP gels barely showed any heat release ( Figure 5D -F, and Table 3 ). In this work, adenosine was chosen as a model target and it happens to be a nucleoside, which may have more interactions with DNA (e.g. via base stacking and base pairing). Given the development of the aptamer field, we believe this method can also be applied to other target molecules as well. For example, the cocaine aptamer has a similar binding affinity, 47 ,48 while cocaine does not resemble a nucleotide.
The full-length aptamer (27-nucleotide) was finally shortened to six nucleotides, while tight binding was still retained. This represents a substantial save in the cost of DNA synthesis (scales linearly with DNA length) with higher yield and purity (scales with a power law with DNA length). Most importantly, it indicates that a low concentration of DNA can have a large influence on the binding property of MIPs. 
Conclusions
For the first time, we prepared new hybrid materials using aptamer fragments as macromonomers in MIPs. All the previous work used full-length aptamers to prepare MIPs. Using aptamer fragments can reduce the cost of DNA synthesis, while still improving the MIP binding and signaling properties. We showed that even for DNA sequences that cannot bind the target molecule, they can still be quite effective upon imprinting. Different DNA sequences perform differently in MIPs, and rational DNA sequence design is likely to be important for target molecules without known aptamers. We summarize our findings in the following aspects. 1) DNA help MIPs.
Compared to the two synthetic monomers (acrylamide and N-isopropylacrylamide), DNA macromonomers increased the binding affinity by up to 18-fold. For optimal performance, the DNA sequence needs to be carefully designed and screened. 2) Imprinting helps aptamers. When both fragments are used, a fully functional aptamer can form. Compared to the free aptamer binding, the imprinted material has doubled the binding affinity by positioning the two fragments close to each other in an optimal configuration. This is consistent with previous reports using fulllength aptamers. 3) It might be possible to de novo design DNA sequences to optimally bind a given target molecule without known aptamers. In this aspect, computer modeling might be a powerful tool to predict DNA oligomer sequences. 4) DNA may also allow convenient signaling.
Over the past two decades, the analytical chemistry of aptamer has significantly advanced. By introducing such knowledge to MIPs, new and better biosensors might be produced. Overall, combining DNA oligomers and MIPs is a promising method for obtaining new functional materials.
Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at http://pub.acs.org.
DLS, DNA coupling efficiency, binding kinetics, reversibility, and fluorescence enhancement control experiments.
